Abstract. The electron temperature, pressure and density profiles from an extreme variety of shaped ohmically heated sawtoothing plasmas in TCV (Tokamak à Configuration Variable, B T <1.5T, R 0 =0.88m, a<0.25m) are compared to model predictions drawing from two bodies of theory. One of these is based on the assumption of stationary magnetic entropy and predicts stiff toroidal current, and consequently ohmically relaxed electron temperature profiles. The second theory is based on the assumption of approximate conservation of the first and second adiabatic invariants during particle transport and predicts density profiles closely related to the safety factor.
1) Introduction
Observations and theoretical models of 'privileged' electron temperature, pressure or current density profiles have been reported since the early days of tokamak research [1] [2] [3] [4] [5] [6] . Results from tokamaks with circular cross sections have shown the edge safety factor q a to be the scaling factor for both the width (inverse peaking factor) of the temperature profile and the sawtooth inversion radius r inv e.g. , where a is the minor radius and averages are taken over the plasma volume [6] . These relations apply to the most common tokamak operating regime, where internal kink instabilities limit the peaking of the central current density and of the plasma temperature by the recurrence of internal relaxation events ('sawteeth').
The TCV tokamak (Tokamak à Configuration Variable, B T < 1.5 T, R 0 = 0.88 m, a < 0.25 m) has an unprecedented flexibility for creating shaped plasmas [7] . These include elongations up to 2.8, triangularities ranging from -0.7 to 1, diverted and limited plasmas. The edge safety factor q a ceases to be the meaningful scaling parameter in shaped plasmas. Instead of the above relations for circular discharges, results from TCV in ohmically heated discharges show that all profile widths, and the sawtooth inversion radii, scale as
, where > < j is the cross sectional average
and κ 0 , B 0 and R 0 are the elongation, toroidal magnetic field and major radius at the magnetic axis [8, 9] . Detailed observations show that even the plasma profiles in the zone outside the inversion radius (the 'confinement zone') assume a narrow range of shapes, which depend uniquely on
2) Current and electron temperature profiles
Theoretical predictions for current profiles, based on the assumption that the magnetic entropy is stationary in a tokamak considered as an open system interacting with the ohmic transformer, have been presented in detail elsewhere [10] . The wide range of turbulent microinstabilities which are observed in magnetically confined plasmas provides plausible candidate processes leading to entropy production and anomalous transport [11] . The magnetic entropy is a measure of the probability of a magnetic configuration and is expressed as
where A is the vector potential, j the current density, µ 2 has the meaning of a Lagrange multiplier and 0 µ is the free space permittivity constant [12] [13] [14] [15] . The integrals extend over the plasma volume considered. Maximisation of S provides the well known Bessel function model of the reversed field pinch [15, 16] , not however a description of tokamak equilibria. Instead, for a stationary ohmic tokamak equilibrium, we may assume that the magnetic entropy is constant in time, i.e.
( )
, where E is the induced toroidal electric field.
The inclusion of auxiliary heating and radiation loss terms in the above equation stems from heat balance considerations [14] . Neglecting radiation losses, the toroidal current density j in the presence of ohmic heating and current generation in cylindrical geometry must satisfy the equation
The safety factor profile for the region with q≤1 is prescribed for simplicity as ( )
, with 0 q treated as a free parameter. Together with the boundary condition j(a)=0, eq.2 admits the solution given in terms of Bessel functions,
is the current density and 1 B is the toroidal field at the q=1 surface. Eq.3 leads to a relation between q a and λ,
Since the lowest values of µa correspond to the most peaked current profiles, we may expect stationary experimental current profiles to be represented by 1 ) ( 2 << a µ because of the natural tendency of the toroidal current to diffuse towards the most conductive, central part of the
, the predictions indistinguishable in view of experimental uncertainties. Fig.1 shows the theoretical profile of the normalised current density and corresponding electron temperature profiles assuming ohmic relaxation in the case of an equilibrium specified by
In fig.2 , for q 0 in the range 0.8-1, predictions from eq.4 for the q=1 radius λ are seen to be in good agreement with experiment for the normalised sawtooth inversion radius defined as
, where A inv is the cross sectional area of the surface at which the X-ray emission profile inverts at the sawtooth crash. The X-ray emission was tomographically Eq.4 suggests that the scaling factor should be ) /( In a stationary ohmic tokamak discharge, the current profile is related to the temperature profile by Ohm's law,
, where E is the externally induced field. Theoretical temperature profiles were calculated using the neo-classical Ohm's law [21] with coefficients from reference [22] . Temperature measurements were obtained by multi-point Thomson scattering at times not synchronized to the sawtooth cycle. We define a "clipped" experimental temperature profiles, ) , min( 
4) Density profiles from turbulent equipartition
Remarkably, density profile 'clipped' widths also scale with ) /( 0 0 q j j > < , as seen in fig.4 for the same discharges as fig.3 . This scaling can be understood from turbulent equipartition (TEP) theories which provide canonical steady-state density profiles obtained by assuming strong turbulent transport, such that the particle magnetic moment µ B and the longitudinal adiabatic invariant J are conserved during transport [23] [24] [25] [26] [27] . As a consequence, the number ∆N of particles with given values
in any flux tube should be proportional to the poloidal flux within that tube, i.e. ∆N µB,J ∝ ∆Ψ [26, 27] . For plasmas with shaped cross sections this leads to density profiles given by
where Φ is the toroidal magnetic flux. The factor dΦ/dV is equal to B 0 /(2πR 0 ) at the plasma centre and increases in TCV to typically 1.25 times that value at the plasma edge as a result of finite aspect ratio and shaping. If particles of all velocities (trapped and passing) are transported equivalently, then eq.5 is applicable to the overall density profile. If the transport of passing particles is less than that of trapped particles, the predicted overall density profile can be approximated by
with 0.3≤η≤1 [27] .
The density profiles in the confinement zone of ohmic TCV plasmas, up to about 90% of the minor radius, agree with TEP predictions and are well represented by the relation N (ψ)-N (ψ 1 ) ∝ Ψ-Ψ 1 where Ψ 1 is the poloidal flux at the inversion radius, as shown in fig.5 . These correspond to dlnN/dlnΨ≅1 (or η≅1) for plasmas of low collisionality (ν * at mid-radius less than unity), which constitute 90% of samples in the database and are in agreement with early theoretical suggestions [23, 24] . The predicted density profile widths from eq.5 (normalized to the density at the q=1 surface) are obtained as
with q 1 =1. For η=1, we can evaluate the expected volume-weighted density profile widths using the large aspect ratio approximation with concentric flux surfaces. A theoretical example density profile with n/n 1 ∝1/q is shown in fig.1 . The predictions for η=1,0.8,0.6 are shown as a function of fig.4 , and agree best with the experimental data for η≅1.
5) Discussion
The theoretical temperature profiles from eq.3 and ohmic relaxation can be combined with the density profiles from eq.5 to provide predictions for the pressure profiles. An example is shown in fig.6 (broken line) for the same parameters as assumed in fig.1 . Fig.7 shows how the widths of the experimental pressure profiles scale with ) /( 0 0 q j j > < . Also plotted are the combined expectations for η=1,0.8,0.6 showing best agreement for η≅1.
A combination of arbitrary current and pressure profils does not a priori satisfy the axisymmetrical plasma force balance (Grad-Shafranov-Schlüter, GSS) equation. The requirement of compatibility of eq.3 with GSS leads to a restrictive condition on the pressure profiles [10] . For each value of q 0 and λ, there is a range of possible pressure profiles of different (clipped) widths
and Ψ is the poloidal magnetic flux resulting from eq.3. 
with 0<K<1. K is unity for trapezoidal
) and 0 for profiles such that 0 / = dr dp at a r = . Experimental profiles are consistent with values of K which increase from near 0 for 2 . 0 / 0 0 ≈ > < j q j to near 0.8 for
. The continuous theoretical profile in fig.6 corresponds to K=0.59 and was obtained by requiring that the width of the profile described by eq.5 be given by The approach presented here contrasts with early work [3, 4] where the remarkable proportionality of pressure and current profiles, 
